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Abstract 
Fundamental Studies of Sickle Hemoglobin Polymerization 
Zenghui Liu 
Supervisor: Frank A. Ferrone, Ph.D.  
 
 
The key to the pathology of sickle cell disease is the polymerization of sickle 
hemoglobin (HbS), which is a point mutation of the normal hemoglobin (HbA). The 
polymerization of HbS occurs when the concentration of deoxy HbS exceeds the 
solubility. If inert molecules such as dextran are introduced to the solution, the 
solubility could be reduced significantly because of crowding. This makes the study 
of the solubility with limited amount of sample possible. By applying scaled particle 
theory, we have built the thermodynamic connection between the situation with and 
without dextran, which enable one to calculate the dextran-free solubility easily.  
The HbS polymerization could be modeled by the double nucleation mechanism. 
However, a fundamental element of this mechanism, the growth speed of individual 
polymer is still not precisely measured because the single polymer is 20nm diameter, 
thus below optical resolution. Our approach is based on the fact that a single fiber 
entering a region of concentrated deoxy HbS will generate large numbers of 
additional polymers by heterogeneous nucleation, allowing the presence of the first 
fiber to be inferred even if it is not directly observed directly. This idea is realized by 
projecting an optical pattern consisting of three parts: a large incubation circle, a small 
detection area, and a thin channel connecting the two areas to the sample. With 
 
x
increasing the channel on time, we can find the time just enough for the polymer 
reach the detection circle, and with the channel length measured, the polymer growth 
speed could be calculated. Our polymer growth rates obtained from pure HbS, 
HbS/HbA mixtures, and partial photolysis of HbS validate a simple linear growth rate 
equation including any non-polymerizing species in the activity coefficient 
calculation. This implies that monomer is adding to the end of the polymer one by one 
not by oligomers. Our approach also enables us to determine the monomer addition 
rates and release rates precisely, and their temperature dependence. These data are in 
agreement with previous DIC measurement. The ratio of these two rates is the 
solubility of individual polymer, which also agrees with the previously published 
centrifugation data.
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Chapter I: Introduction 
 
Abnormal Protein Aggregation  
The formation of large, fibrous protein assemblies is a key part of the pathology of 
a number of diseases, including Alzheimer’s disease, Mad Cow disease, Huntington’s 
disease, Cataracts, type II Diabetes and Sickle cell disease. For instance, the 
aggregation of amyloid protein in the neuro-system is an important part of the 
pathology of Alzheimer disease. Similarly, Sickle Hemoglobin (HbS) polymerization is 
the pathological process that is responsible for sickle cell disease. The similar fibrous 
structure from different protein aggregations implies that these self-assembly proteins 
may polymerize by similar mechanisms. Studying the biophysical features of protein 
self assembly mechanism may yield important information about the pathogenetic 
mechanisms of human diseases. Sickle hemoglobin polymerization has been a 
paradigm for the study of protein self assembly for a long time. With great progress in 
understanding HbS polymerization being made over the past fifty years, there are still 
many interesting questions needed to be answered. 
 
Hemoglobin Structure 
Before we talk about sickle hemoglobin in detail, some knowledge of normal 
hemoglobin (HbA) is helpful. 
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Being the oxygen carrier, Hemoglobin is probably the most well studied protein. 
The hemoglobin molecule is in approximately spherical shape with dimensions of 65 x 
55 x 50 Å. The molecular weight of hemoglobin is 64 KDa. Like all proteins, 
hemoglobin is built by amino-acids in a specific sequence. Hemoglobin is a tetrameric 
protein consisting of four amino-acid chains – two identical chains labeled α, and two 
identical chains labeled β.  As shown in Figure 1.1, the key part of each of these four 
subunits is the heme group, an iron atom surrounded by a porphyrin ring, where 
Oxygen, Corbon monoxide (CO) and other ligands may bind. The tetramer of 
hemoglobin is formed by two dimers, and each of the dimers has one α and one β. The 
hemoglobin tetramer may readily dissociate into two dimers and two random dimers 
may recombine to form another hemoglobin tetramer. Like most other proteins living 
in aqueous environment, the hemoglobin molecule folds itself to place hydrophilc or 
polar amino acids on the outer surface of the molecule, and strong hydrophobic or non 
polar amino acids inside of the molecule, so that water molecules can be bonded to 
the surface of hemoglobin easily and this can help to pack the helices together.  
Hemoglobin can form different derivatives. Hemoglobin molecules with the 
iron atoms in the heme groups in the ferrous state (Fe2+) are called ferrous 
hemoglobin. When ferrous hemoglobin binds with oxygen or carbon monoxide, it is 
called correspondingly oxy hemoglobin (HbO2) and Carbon monoxide hemoglobin 
(HbCO). If the ferrous hemoglobin has no ligand bound to it, it is called deoxy 
hemoglobin (Hb). In some situations, the iron atoms in the heme groups could be 
oxidized to the ferric state (Fe3+) and such hemoglobin is called met hemoglobin. The 
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hemes of met hemoglobin will normally bind with a water molecule, and they won’t 
bind with oxygen or carbon monoxide.  
Hemoglobin has two quaternary structures, R (relaxed) and T (tense). The deoxy 
hemoglobin structure is relatively tense. As more and more ligands are bound to the 
hemes, not only is the local tertiary structure changed, but there are the relative 
movements between subunits too. As a result, liganded hemoglobin shifts itself to the 
relative relaxed state. 
There are around 250 million hemoglobin molecules packed in a typical red 
blood cell (RBC). In each milliliter of blood, there are 5 billion such red blood cells. 
Unlike other cells, there is no nucleas inside of the RBC. 95% volume of RBC is from 
hemoglobin molecules. In other words, RBCs are just a sand bag of hemoglobin. This 
important feature enables RBCs to deform themselves easily to go through the 
microcirculation capillaries, whose diameter is smaller than RBCs. 
 
Sickle Hemoglobin Polymerization and Sickle Cell Disease 
Sickle hemoglobin (HbS) is a genetic mutation of normal hemoglobin (HbA). 
The structure of normal hemoglobin and sickle hemoglobin differs by the substitution 
of a valine for the normally occurring glutamate at the 6th position of both β chains, 
as shown in Figure 1.1.  
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Figure 1.1 The Structure of Hemoglobin Molecule. For sickle hemoglobin molecule, 
a negatively charged glutamic acid is replaced by a neutral valine on each of the beta 
chain (Cerami, 1975). 
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Since this one single amino acid mutation is on the side chain, not close to any 
heme group, not on the hinge and switch group that controls the quaternary transition 
of the tetramer, dilute solution of HbS and HbA molecules behaves very much the 
same in terms of thermodynamics and kinetics of ligands binding (Ip, 1976). 
In the absence of oxygen, when the concentration of HbS molecules and 
temperatures are high enough, such as 16 gram per deciliter (g/dl) at 37 oC, these 
molecules start to aggregate into long multi-stranded polymer fibers. These polymers 
are so rigid that they will distort the RBC from the normal biconcave shape to a 
variety of bizarre shapes, such as contorted banana or sickle shape. That is how this 
disease gets its name. Since such RBCs are no longer deformable, they could be stuck 
inside the capillary or occlude in the vein. As a result, the patient may suffer from 
periodic pain, stroke, and even organ damages.  
 
Why does Deoxy HbS Polymerize 
Normal hemoglobin (HbA) with glutamic acid at the β6 position doesn’t tend to 
aggregate. If this polar amino acid is replaced with a neutral amino acid valine, then 
the hemoglobin starts to form polymers. Why can a single amino acid mutation have 
such big effect?  
As a hydrophobic, neutral amino acid, the valine prefers to stay inside of the 
hemoglobin protein. Unfortunately, the β6 position is on the exterior surface of the 
molecule, therefore the valine is very different from other amino acids on the surface 
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in terms of being hydrophobic. There is also a hydrophobic pocket on the surface of 
each β chain. It is composed of Phe β85 and Leu β88 lining at the bottom, and Asp 
β73, Thr β84, and Thr β87 around the pocket perimeter as is shown in Figure 1.2. 
Now, each β chain of the hemoglobin tetramer contains a valine and a hydrophobic 
pocket, and they both want to avoid water molecules. As a result, the β6 valine may 
dock itself into a hydrophobic pocket of the β chain of adjacent hemoglobin molecule. 
One tetramer, whose β1 donates the valine, docks in the β2 hydrophobic pocket that 
can accept the valine from the next molecule.  Thus, the sickle hemoglobin tetramers 
can aggregate together in a half-staggered way, and eventually distort the RBC. 
Obviously, this donor-receptor interaction is energetically favorable because of the 
hydrophobic nature of both the valine and the pocket group.  
 
HbS Polymer Structure 
Electron microscopy studies have shown that sickle hemoglobin polymers are 
composed of seven double strands with a diameter of 20 nm (Dykes, Crepeau et al., 
1978) as shown in Figure 1.3. As we discussed in last section, by following the 
half-staggered fashion, the HbS molecules will form a double strand structure, which 
is the structural basis of sickle fiber. The donor-acceptor contacts constitute the lateral 
contacts of each double strand. 
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Figure 1.2 The Donor-receptor Model of Sickle Hemoglobin Polymer. The 2β6 
valine is embedded into a hydrophobic pocket formed mainly by Phe 85, Leu 88 of an 
adjacent 1β subunit (Ivanova, Jasuja et al., 2001). 
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Figure 1.3 The HbS Polymer Structure. The Polymer fiber consists of seven double 
strands. Each small sphere here represents a molecule of hemoglobin. Molecules that 
belong to the same double strand are in the same color (Mirchev and Ferrone, 1997). 
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The sickling events can occur only when the HbS lost ligands, because only when 
the hemoglobin molecule is in T state, the molecules can make both the axial contact 
and lateral contact at the same time. 
With such complex structure, and polymer size below the optical limit (20nm 
diameter), is it possible to measure how fast the HbS polymer grows? And how the 
growth speed depends on the temperature? Will polymers grow longer by adding one 
monomer at a time, or can clusters add?  To answer these questions is part of the 
motivations of this work. 
 
Kinetics of HbS Polymerization 
HbS polymerization could be induced by a sudden temperature increase 
(temperature jump) in concentrated deoxy HbS solution, or it could be induced by 
deoxygenation in concentrated oxy HbS solution. Different properties of the HbS 
solution could be used as the signal of polymerization, such as: turbidity, 
birefringence (Hofrichter, Ross et al., 1974), calorimetry (Hofrichter, Ross et al., 
1974), and viscosity (Malfa and Steinhardt, 1974). All these experiments show an 
exponential growth of HbS polymers after a delay period. This particular feature was 
successfully characterized by the double-nucleation model (Ferrone, Hofrichter et al., 
1985) and was later confirmed by direct observations (Samuel, Salmon et al., 1990). A 
descriptive picture of different stages of the double nucleation mechanism is shown in 
Figure 1.3.  
 
10
 
 
 
 
 
Figure 1.4  The Double-nucleation Mechanism of Sickle Hemoglobin Polymerization. 
Sickle hemoglobin can polymerize in two pathways, one is the homogeneous (shown 
on the top part, HbS polymer is forming in solution), and another is the heterogeneous 
(showed on the bottom part, HbS polymer is forming on the surface of existing 
polymers). The lengths of forward and backward arrows refer to the relative 
magnitudes of association and dissociation rates. 
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According to the model, the very first polymer in the solution is formed from the 
spontaneous fluctuations of monomers (the term monomer here stands for hemoglobin 
tetramer molecule). 
Since the translational and rotational free energy of monomers in bulk solution is 
only partially compensated by the motional freedom permitted in a polymer lattice, and 
the contact energy between monomers is not that high, the homogenous nucleation is 
opposed by the net loss of entropy at the beginning stage. In terms of kinetics, the 
dissociation rate is greater than the association rate in this situation. Because the 
number of molecular contacts per monomer increases with the size of aggregation, the 
system starts to prefer further aggregation when it reaches a critical size, i.e. 
homogeneous nucleus.  The size of the nucleus is not determined by the biological or 
geometrical requirement; it is rather a measurement of energetic barrier of this 
thermodynamic system. This explains why there is a delay before we can detect 
hemoglobin polymers in solution. Once the polymer has overcome the energetic barrier, 
it may grow simply by attaching more monomers. 
A polymer may also start to grow on the side of other polymers. This provides a 
secondary pathway of polymerization, called heterogeneous nucleation. In 
heterogeneous nucleation, a nucleus forms on the surface of existing polymers, taking 
advantage of the contact sites available.  The surface sites provide additional stability 
to the nucleus, making the critical nucleus occur at a smaller size.  The heterogeneous 
nucleation depends on the number of available contact sites, which is generally 
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proportional to the surface area of polymerized hemoglobin.  Therefore, this process is 
autocatalytic.  As more and more HbS monomers polymerize, there will be more and 
more heterogeneous nuclei available, this explains the exponential growth of polymers.   
The unusual kinetics of sickle hemoglobin polymerization, namely presence of a 
significant delay time, has significant implications towards the pathology of sickle cell 
disease. When RBCs squeeze their way through the micro capillaries, the oxygen 
molecules are released from the hemoglobin inside the RBCs.  This is the time HbS 
molecules are capable of polymerization, and the RBCs are likely to get stuck. Once 
equilibrium conditions are reached for the RBC in the capillaries, a big fraction of cells 
should sickle and result in occlusion (Mozzarelli, Hofrichter et al., 1987). However, in 
reality the patients don’t feel the pain constantly, which means that most RBCs are not 
trapped in the capillaries. The transit time for a RBC to pass through a typical capillary 
is in the order of seconds.  If this transit time is shorter than the delay time, the chance 
to get stuck is decreased.  Of course the pathology of sickle cell disease may involve 
many other factors and could be much more complicated than this. However, the 
polymerization kinetics plays a very important role.  
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Chapter II: Thermodynamics of HbS Polymerization 
 
Two Phase model 
Once sickling occurs, there are two components in the solution, the monomer 
phase and the polymer phase. These two phases will be in equilibrium with each other. 
ie, the monomers and the polymers constantly undergo reversible conversion, as shown 
in Figure 2.1. 
HbS  (solution phase)                   HbS  (polymer phase) 
In this situation, the monomer phase concentration is called the solubility of HbS, 
depicted as sc  or sometimes designated as satc . The solubility of HbS depends on 
temperature, solution pH value. At 37 oC, pH = 7.15, close to physiological 
environment, the solubility is around 16 g/dl. 
The equilibrium constant K for this process is:  
1 HbSK a=             (2.1) 
Here HbSa is the activity of the hemoglobin S monomer. At dilute solution, the 
activity of hemoglobin is just the concentration. When we study concentration near 
solubility, the interaction between molecules is decided by the surface distance rather 
than the center distance of molecules. In such a case, using concentration, which is the 
number of particles per unit volume, significantly underestimates the likelihood of 
interaction.  In order to account for this crowding effect, an activity coefficient γ is 
introduced. Therefore, the activity of solute after nonideality correction becomes the 
product of the concentration and activity coefficient.  
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Figure 2.1 The Two Phase Equilibrium. The solution phase monomers in 
thermodynamic equilibrium with the polymer phase hemoglobin molecules when the 
concentration reaches the solubility.  
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The s subscript of γ here stands for the activity coefficient for the concentration of 
solubility: 
   HbS s sa cγ=            (2.2) 
Over the range of physiological hemoglobin concentration, there is a simple and 
accurate empirical expression to calculate its activity coefficient (Ferrone and Rotter, 
2004): 
2ln( ) 8 / (1 )sγ ϕ ϕ= −           (2.3) 
Where ϕ  is the volume fraction and can be calculated as:  
sVcϕ =               (2.4) 
In which V= 0.75 cc/g is the specific volume of hemoglobin molecule.  Activity 
coefficients are extremely concentration dependent. At 34 g/dl, γ is 46, which means 
that the solution behaves as if it were 46 times more concentrated. When there are non 
polymerizing Hemoglobin species, such as HbA or liganed HbS, in the solution 
besides deoxy HbS, ϕ  will need to be calculated based on the total concentration of 
all hemoglobin species. This makes perfect sense since all hemoglobin species 
contribute to the crowding. 
  Given information like the above, the free energy of polymerization could be 
calculated by: 
   ln ln( )s sG RT K RT cγΔ = = −        (2.5) 
When the monomer phase is in equilibrium with the polymer phase, the chemical 
potential associated with these two phase must equal to each other: 
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  m pμ μ=            (2.6) 
Here mμ  is the chemical potential of the monomer phase, and pμ is the 
chemical potential of hemoglobin molecules in the polymer phase. 
For the monomer phase, mμ  is given by the following equation. The first term 
TRμ  is the translational and rotational energy and the second term accounts for the 
temperature dependence and the nonideality of the crowded solution: 
ln( )m TR s sRT cμ μ γ= +         (2.7) 
In this equation, R is the gas constant, T is the absolute temperature, c is the 
concentration of monomers and γ stands for the activity coefficient. 
On the other hand, the chemical potential of Hb in the polymer pμ  consists of two 
parts.   
PVPCP μμμ +=            (2.8) 
First, the contact energy PCμ  involves the hydrophobic interactions that constitute 
the axial and lateral contacts among hemoglobin molecules in the polymer.  The 
second term PVμ  comes from the ability of hemoglobin to vibrate around equilibrium 
position in a polymer lattice, i.e. vibrational energy. 
At thermodynamic equilibrium, the chemical potential of the solution phase 
monomer equals that of the polymer phase.   
lnTR s s PC PVRT cμ γ μ μ+ = +          (2.9) 
 So we have: 
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  ln s s PC PV TRRT cγ μ μ μ= + −         (2.10)  
 
HbS Solubility Measurement 
As discussed in the last section, the solubility of Sickle hemoglobin is a 
fundamentally important thermodynamic quantity. In other words, once solubility is 
measured, then the free energy of HbS association could be calculated easily.  
The traditional way to measure HbS solubility is by sedimentation. The method 
is to centrifuge approximately milli-liter volume of concentrated deoxy HbS solution 
at high speed for about 3 hours, so that the high molecular weight polymers will 
sediment at the bottom of the tube (Hofrichter, Ross et al., 1976). The concentration 
of HbS in the supernatant is taken as the solubility sc . The measurement of solubility 
is independent of the initial concentration. And as shown in Figure 2.2, the solubility 
depends on temperature. 
 
HbS Polymerization with Crowding Agents 
When people study how inhibitor molecules are functioning, or when the HbS 
sample amount is limited (for example, HbS with amino acid modifications), 
crowding agent molecules, such as dextran, or ficoil, are introduced to promote HbS 
polymerization (Bookchin, Balazs et al., 1999). By controlling the crowding 
conditions, much less hemoglobin sample is needed for the polymerization study. This 
method makes it possible to study the polymerization with limited amounts of sample. 
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Figure 2.2 Temperature dependence of solubility of sickle hemoglobin. The closed 
circles are solubility in 0.15 M potassium phosphate and 0.05 M sodium dithionite. 
pH 7.15. The data are fitted with an empirical equation Cs = 0.319 
+0.00883*T+0.000125T2 with the temperature T in degrees Celsius. (Ross, Hofrichter 
et al., 1977).  
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   Although this approach has been widely used (Himanen, Mirza et al., 1996; Li, 
Mirza et al., 1997; Bookchin, Balazs et al., 1999; Sudha, Anantharaman et al., 2004; 
Tam, Chen et al., 2005), the quantitative thermodynamic theory connection between 
the solubility measured with crowding agents and the solubility measured with pure 
HbS is still missing. As we know, it is not easy to acquire substantial amount of 
hemoglobin with amino acid modifications, however with this approach, we can 
studied it in the presence of dextran. As a possible candidate for gene therapy, it is 
important to know how this mutant Hb behaves under the physiological conditions. 
Although the dextran results will provide enough evidence to show what changes 
increase or decrease solubility, the missing thermodynamic connection here makes it 
impossible to precisely calculate the solubility without dextran.  
To further study the thermodynamics of such system, let us rewrite the equation 
(2.10) as: 
RTc TRPVPCss /)(ln μμμγ −+=                 (2.11) 
Since the translational and rotational energy of the free HbS molecules µTR, the 
contact energy between the molecules in the polymer µPC and the vibrational energy 
of molecules inside the polymer phase µPV do not depend on how crowded the 
solution is. I.e., at one specified temperature, the solubility in such situation is under 
control of the activity coefficient change only, which is all due to introducing the 
crowding agent molecules. Once sγ  increase, cS will decrease correspondingly to 
keep above equation balanced. 
Because of the same reason, if ssc′′γ  represents the hemoglobin activity in a 
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crowded milieu, then it must equal the hemoglobin activity without dextran. 
ssss cc γγ =′′                  (2.12) 
This equation is important, because it connects the solubility with and without 
dextran. Since the dextran molecules occupy a substantial volume, and so do the 
hemoglobin molecules, the crowding effects from both molecules contribute to the 
nonideality of the solution. A good way to incorporate non-hemoglobin species in the 
sγ ′  calculation is scaled particle theory, which allows similarly shaped particles to be 
employed in the calculation of their mutual crowding (Minton, 1983). The activity 
coefficient for Hb in the presence of dextran taken as a spherical crowding agent is 
denoted spγ  and is given by Minton (Minton, 1983) as: 
ln γ sp = − ln(1− Y ) + B RHb1− Y + (4πA +
1
2
B2 ) RHb
1− Y
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ 
2
+ [Hb] + [dex]
1 − Y +
1
12π
B3
(1 − Y )3 +
AB
(1− Y )2
⎛ 
⎝ ⎜ ⎜ 
⎞ 
⎠ ⎟ ⎟ VHb            (2.13) 
in which Y is the fraction of space occupied by both species, given by 
Y = VHb[Hb] + Vdex[dex]            (2.14) 
and the auxiliary constants A and B are given by  
A = RHb[Hb] + Rdex[dex]             (2.15) 
and  
   B = 4π(RHb2[Hb] + Rdex2[dex])         (2.16) 
and VHb is the specific volume of Hb, with VHb  = (4π/3)RHb3 , and similarly for 
dextran. Since VHb is already known, it is convenient to write Vdex as a factor multiply 
the hemoglobin VHb. Thus we define:  
vdex= Vdex/VHb             (2.17) 
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Because spherical objects are assumed, once V is determined, the radius R can be 
deduced from V easily. Now equation 2.12 could be rewritten as: 
   ssssp cc γγ =′               (2.18) 
The only unknown in this equation is the dextran specific volume, or vdex. Will a 
constant vdex work for this system? If not, what is the specific volume we should use 
for dextran? We will try to answer these questions in the fourth chapter. 
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Chapter III: Materials and Method 
 
Hemoglobin Purification and Buffer Exchange 
The blood was provided by the Children’s Hospital of Philadelphia and the 
Albert Einstein College of Medicine. The Sickle-cell blood was from exchange 
transfusions of patients with sickle cell disease. The hemoglobin was extracted from 
RBCs and purified using a chromatography method. The method was adopted and 
modified from (Huisman, 1965; Williams, 1973), first realized in our lab by Anthony 
Martino, further developed by three of us (Yihua Wang, Donna Yosmanovich and 
Zenghui Liu) jointly. The detailed procedures are given in Appendix I. 
After purification, the hemoglobin solution is in Tris buffer, whose pH value 
varies with temperature change. To study hemoglobin under a constant pH 
environment, the buffer of the hemoglobin need to be exchanged into phosphate 
buffer (0.15 M at pH 7.35). This was realized by diluting the solution by phosphate 
buffer and passing through a column (Amersham PD-10, 9 ml column of Sephadex 
G-25m) previously washed by phosphate buffer. The elution hemoglobin solution pH 
was measured carefully with a pH meter (Denver Instrument Basic model) to ensure 
complete replacement of Tris buffer. The meter was first calibrated with three 
standard solutions of known pH values. The detailed procedures of buffer exchanging 
are described in Appendix II. Once hemoglobin was exchanged into phosphate buffer, 
it was then concentrated with Centricon (Corning Spin-X 20ml) to the desired 
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concentration for storage. Because the nucleation rates of polymerization are very 
sensitive to the concentration of HbS, a stochastic kinetic experiment was performed 
by Donna Yosmanovich to verify the integrity of sickle hemoglobin. After 
authentication, the concentrated hemoglobin solution was stored frozen in a liquid 
nitrogen tank until use. 
 
Sample Slides Preparation 
The CO HbS sample slides were prepared in a glove box, which was flushed with 
carbon monoxide 2 hours before and during the whole sample slide preparation to 
remove the oxygen. The phosphate buffer (0.15 M pH 7.35) used in the sample 
preparation was bubbled with carbon monoxide for at least 30 minutes for the same 
purpose. To prevent the hemoglobin sample from drying, the carbon monoxide gas 
was humidified by going through two water bubbler tubes. The vials, tubes, slides and 
all other tools were placed in the glove box, before we start to flush the box to get rid 
of the small amount oxygen inside them. 
The concentrated sickle hemoglobin solution was retrieved from the liquid 
nitrogen tank and thawed in the refrigerator. According to Beer-Lambert law (equation 
3.1), concentration of a solution could be decided by fitting its spectrum data ( )A λ  to 
standard extinction coefficient ( )ε λ , l  is the light path length.   
( )
( )
Ac
l
λ
ε λ=                 (3.1) 
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To decide the concentration of the HbS solution, A 2 μl of HbS solution was 
transferred by micropipette (drummond 3-000-105) into six milliliters of Phosphate 
buffer. This diluted solution was put into a 10 mm lightpath quartz cuvette 
(Fisherbrand Quartz Standard Cells) and then the cuvette was loaded into a 
spectrophotometer (Hewlett Packard Model 8452A) for absorption measurement. In 
case the solution contains several hemoglobin derivatives, the soret band (400nm – 
450 nm) absorption spectrum was fit with known standard extinction coefficients that 
correspond to oxyhemoglobin, carbon monoxide hemoglobin and methemoglobin. 
A matlab program with graphic user interface (Programed by Dr.Weijun Weng) 
was used to compute the concentration by fitting the spectra to the known extinction 
coefficients. A screenshot of this program is shown in the Figure 3.1. 
Since the affinity of hemoglobin for CO is more than 200 times stronger than 
oxygen, the HbS vial was kept open in the glove box for more than half hour so as to 
allow the liganded oxygen to be replaced by CO. The remaining oxygen could be 
removed by sodium dithionite (Na2S2O4). Sodium dithionite can also reduce the 
hemoglobin from the ferric state (methemoglobin, Met Hb) into the ferrous state 
which is capable of binding with ligands. The amount of sodium dithionite powder 
needed for 2 ml solution was measured using the balance (Delval Balance Mettler 
H30). It was dissolved in the same phosphate buffer that was previously flushed with 
CO gas. A small part of the dithionite solution was mixed with the hemoglobin 
solution.  
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Figure 3.1 Curve fitting to the Absorption Spectrum. Standard extinction 
coefficients of deoxyHb, COHb, oxyHb, metHb of Soret band were used in 
calculating the concentration of the sample. The cross symbol was the spectral data. 
Dot symbol showed fitting components and baseline offset which accounted for some 
stray light. Only COHb and baseline were used in this particular fit. Dashed line was 
the fit to the data. 
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The volume mixing ratio was carefully calculated so that we could get the final 
HbS concentration as we desired and at the same time, we would have the final 
dithionite concentration is below 50 mM. This is the maximum concentration of 
dithionite that could be added without denaturing the hemoglobin molecules. 
Then, about 1.5 μl of HbS solution was place onto a 24 x 40 mm coverslip 
(Fisher Brand Microscope cover glass 12-543B No.2), stirred gently with a 
micropipette and covered by a second coverslip 18 x 18 mm (Fisher Brand 12-540 A). 
Bubbles would naturally form in the HbS solution when we gently spread the solution 
across the coverslips. The sample was then sealed with Kerr sticky wax. This final 
HbS solution concentration was measured again using the spectrometric method 
described above. 
 
Laser Photolysis 
A very important technique in studying the polymerization of HbS is to induce 
deoxygenation in CO liganded HbS (COHbS) by laser. As we know, Oxy HbS can be 
chemically deoxygenated. Similarly, COHbS can be photolyzed by a strong white 
light or laser, creating deoxy HbS molecules. If the deoxy HbS concentration is higher 
than the solubility, after a certain period, the polymerization will happen. Once the 
laser is turned off, CO can recombine with hemoglobin molecules in the polymer 
phase and the consequently polymers will melt in a short time. This process is shown 
in Figure 3.2. 
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Figure 3.2 Laser Photolysis Process 
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Because the process of polymerization and depolymerization is completely 
reversible and could be repeated many times under different temperature, this 
technique provides us the ability to control the polymerization of HbS at will. It is 
called the laser photolyis of COHbS, or laser photolysis in this work. Based on the 
extensive experiments with thin, concentrated samples (Ferrone, Hofrichter et al., 
1985), the laser heating is observed to be insignificant (<1o C). 
 
The Sample pH Value 
 Since only a few micro liters sample were sealed between the micro scope slides, 
it is not possible to monitor the pH value using the regular pH detector during the 
experiment. As we mentioned earlier, sodium dithionite was introduced to get rid of 
the left over oxygen from the sample. For samples prepared with pH 7.35 buffer, such 
reaction will lower the equilibrium pH to 7.01 measured by (Galkin, Nagel et al., 
2007). In the rest of this work, when we refer to pH 7.35 [7.01], It means we have the 
sample prepared in pH 7.35 buffer, and the true sample pH value is 7.01. The true pH 
value for the sample prepared in pH 6.85 buffer is determined to be 6.71 by using the 
same hydrogen ion concentration increased from pH 7.35 to pH 7.01. Similarly, when 
we refer to pH 6.85[6.71], it means we have the sample prepared in pH 6.85 buffer, 
and the true sample pH value is 6.71. 
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Chapter IV: Solubility Measured by a Reservoir Method 
 
Why Study HbS Solubility with Crowding Agents 
As we mentioned in chapter two, the solubility of HbS is around 160 mg/cc 
near physiological conditions. For centrifugation method solubility measurement, the 
volume needed is at least a few milliliters. Therefore, a challenge in HbS 
polymerization studies is just how to acquire enough HbS sample. This is requirement 
could be more difficult to satisfy when mutant HbS is the studying object. Different 
techniques have been developed to study with smaller amount samples. One idea is to 
reduce the HbS solubility by increasing the ionic strength of the solution, but such a 
strategy often raises questions of whether the intrinsically important ionic interactions 
inside the hemoglobin molecule have been modified by the largely increased ionic 
strength.  An alternative way is to increase the protein activity by adding inert 
molecules to the solution, thus crowding the solution, and increasing the activity 
coefficients which formally account for solution crowding. As the result of 
introducing the crowding agents, the HbS solubility could be dramatically decreased.  
It is observed that the HbS solubility is reduced to around 35 mg/ml with the presence 
of 100 mg/ml of 70 kDa dextran (Bookchin 1999), strongly agreeing with the concept 
we introduced above. A series of such experiment results, obtained by conventional 
centrifugation methods to separate the HbS polymers formed in dextran, has been 
reported (Himanen, Mirza et al., 1996; Li, Mirza et al., 1997; Bookchin, Balazs et al., 
1999; Sudha, Anantharaman et al., 2004; Tam, Chen et al., 2005). The HbS polymers 
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produced in the presence of the dextran are indistinguishable by electron microscopy 
from those found in its absence (Bookchin, Balazs et al., 1999). Obviously, this 
method is useful, since it enables people to study HbS polymerization with smaller 
amount sample. 
 
Reservoir Method 
To expand the HbS solubility data with dextran as crowding agent, a new 
photolytic technique was developed by Dr. Alexey Aprelev. This method uses a 
droplet of COHbS and dextran mixture in castor oil placed between microscope cover 
slips. The sample was prepared as described in Chapter III. For each experiment, a 
particular droplet is selected, and subjected to continuous laser photolysis except for a 
small spot at the droplet center, which is masked, serving as a reservoir, from which 
monomers will be drawn into the photolyzed, polymerizing region until the monomer 
concentration equilibrium between the reservoir and the unmask region is reached. 
The concentration in the masked area now is the solubility, which could be measured 
by spectra. Typical droplets studied were 200-300 µm diameter and a few µm thick, in 
which the masked area at the center is approximately 5% of the total area.  
 
Apparatus 
The apparatus were built by Dr. Weijun Weng. The spectrum in the soret band 
(400 – 450 nm) of the masked region is measured using an Ocean Optics 2000 
spectrometer. 
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Figure 4.1 The Screen Shots of a Photolyzed Droplet (Aprelev, Weng et al., 2007) 
 
 
 
Laser off 
Laser on 
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Figure 4.2 The Apparatus of the Reservoir Method 
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The fitting of the spectrum data to the standard extinction coefficients yields 
the concentration information, i.e. the solubility. The photolysis is achieved using a 
Lambda-Pro green solid state laser (532nm/120mW). The sample is observed with 
Ealing 15x reflecting microscope optics. The temperature controlled sample stage 
enables us to study the sample under different temperatures. The apparatus of this 
experiment is shown in Figure 4.2. 
This new method, however, uses only a few microliters of sample per experiment, 
which further reduced the sample volume needed for solubility study from milliliter 
level to micro liter level. Another advantage of this approach is that each sample slide 
could be studied for a number of times at the same or different temperatures. 
 
Final Dextran Concentration Correction 
As we discussed in chapter 2, the relation between the HbS solubility with and 
without dextran is given by equation 2.18:  
ssssp cc γγ =′           (4.1) 
With sc′  and sc  decided from experiments, and sγ  decided from equation 2.3, and 
the activity coefficient spγ  could be calculated by scale particle theory (Minton, 
1983) as equation 2.13. There are only two unknowns in spγ , which are the final 
dextran concentration and the specific volume of dextran molecule.   
Based on the fact that the dextran molecules do not go into HbS polymers, the 
final dextran concentration is determined from simple mass conservation according to 
the following equation: 
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[dex] = [dex]o
1 − co − cs
cpp     
where [dex]o is the initial concentration of dextran, co is the initial concentration of Hb, 
and cpp is the concentration of Hb in the polymer phase (55 g/dl), which is the inverse 
of the specific volume of the polymer phase. The denominator corrects the volume 
change after HbS polymerization. Using equation (4.2) we computed the expected 
final concentration of dextran in each sample. Since dextran molecules have no 
optical signature, our collaborator, Dr. Robert Bookchin at Albert Einstein college of 
Medicine used the radio-labeled dextran which, taken from the supernatant of 
centrifuge experiments, give the direct final concentration measurements. Both the 
expected and measured final concentrations are shown in Table 4.1. As we can see 
from this table, agreement is excellent. The average difference is an only 0.019 g/dl, 
about 0.1%. Based on this result, the final dextran concentration in our reservoir 
method measurements were also calculated in the same way. 
 
HbS Solubility Data with and without Dextran 
The solubility data we obtained at 22°C and 37 °C using the reservoir method are 
listed in Table 4.1 along with the previously published data obtained by the 
conventional centrifugation method for comparison. These data are also plotted in the 
Figure 4.3, as we can see, the solubility data obtained with our method and the 
previously published centrifugation data agree very well, and our data covers a larger 
final dextran concentration range. 
(4.2) 
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Table 4.1 Comparison of Measured and Predicted  
Dextran final concentrations. 
 
Measured [dex] (g/dl) Predicted [dex] (g/dl) based on equation 
12.5 12.7 
12.5 12.7 
13.0 13.0 
13.0 13.0 
12.9 13.0 
13.2 13.0 
14.3 14.3 
14.1 14.3 
13.3 13.0 
13.4 13.0 
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Temperature 
 
Table 4.2 Solubilities of Sickle Hemoglobin with Dextran. 
 
 
[dex]o [dex] cs co           
Measured by centrifuge  
21 22.10 1.27 4 22 
18 18.81 1.63 4 22 
15 15.47 2.32 4 22 
21 22.66 0.96 5 22 
18 19.25 1.42 5 22 
15 15.84 2.09 5 22 
12 12.39 3.28 5 22 
Measured by droplet and  
21 21.40 0.97 2.01 22 
18 18.46 1.38 2.75 22 
18 18.40 1.44 2.62 22 
15 15.58 2.25 4.31 22 
15 15.42 2.50 3.99 22 
12 12.79 3.37 6.77 22 
12 12.63 3.41 6.17 22 
10 10.27 4.75 6.17 22 
8 8.87 6.08 11.45 22 
6 6.25 9.10 11.34 22 
18 19.69 0.78 5.49 37 
15 16.39 1.50 6.16 37 
12 13.11 2.10 6.77 37 
10 10.47 3.70 6.17 37 
6 6.45 7.50 11.34 37 
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Figure 4.3 The 22oC solubility data. Filed circles are solubility measured by 
reservoir method. The empty circles are solubility data measured by centrifugation. 
[dex] is the final dextran concentration. 
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The Specific Volume of Dextran 
With the final concentration of dextran determined, there is only one unknown 
in the equation of 4.1, i.e. the specific volume of dextran. To decide an appropriate 
dextran specific volume to calculate the activity coefficient spγ , we first tried a 
volume determined by density measurement of the dextran, which yields 0.465 
liter/mmol, in good agreement with the published values (Edmond, Farquhar et al., 
1968). This is close to the hemoglobin specific volume 0.0482 liter/mmol.  However, 
when this result was used to calculate the scaled particle theory activity coefficient, it 
couldn’t satisfy the equation 4.1 for different concentrations. Therefore we reversed 
the procedure to determine the specific volume that will suffice to reconcile the 
dextran-free solubility with that measured in different dextran concentrations. This 
approach yielded near linear decreasing volumes with increasing final dextran 
concentrations. As shown in Figure 4.3. These volumes are all given in the unit of 
specific volume of hemoglobin, and are therefore dimensionless. Same analysis is 
applied to the previously published 22 °C data, and the results turn out to be agreeing 
with our data very well. Our new data extend the solubility measurement with larger 
dextran concentration range, and also our data show that different temperatures (22°C 
and 37 °C) data yield the same effective volume.   
The dimensionless volume ratio data shown in figure 4.3 were fit by the 
empirical equation:  
   vdex = vo + ∆v/2 (1 – tanh ( [dex]–[dexm])/∆c)   (4.3) 
in which vo , ∆v, [dexm] and ∆c are constants determined by fitting to the data.   
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From the fit it was found that vo = 1.79 and ∆v = 2.70, and [dexm] = 14.01 g/dl, and the 
with ∆c = 8.75 g/dl. As can be seen in Figure 4.3., the function, selected to have high 
and low asymptotes, provides a good fit. The specific volumes of dextran are 
independent of temperature and the [Hb] suggests that our approach has validity. 
Moreover, the compressibility of dextran (Ogston and Preston, 1979), as well as the 
closely related Ficoll (Wenner and Bloomfield, 1999), has been observed. 
Quantitatively speaking, the size variation of dextran volume appears reasonable. This 
can be seen by considering the asymptotic values of the empirical function (equation 
4.3). As we discussed before, the hemoglobin molecule excludes almost the same 
volume of water as dextran molecule, and dextran is not nearly densely packed. So we 
expected the volume of dextran to be at least as great as that of Hb. Thus the ratio vdex 
should always larger than one. It is confirmed at the high dextran concentration 
asymptote, vdex is approaching to 1.79, which is larger than one. The low dextran 
concentration asymptote corresponds to dilute conditions, where a number of 
investigators have measured the effective hydrodynamic radius of dextran (treating it 
as a sphere).  Typical results are 6.49 nm (Armstrong, Wenby et al., 2004), 6.39 nm 
(Venturoli and Rippe, 2005) and 6.2 nm (Oliver, Anderson et al., 1992). For Hb, the 
radius is 3.2 nm (Arosio, Kwansa et al., 2002). Thus, from hydrodynamics, one would 
expect the maximum vdex to be ~ (6.35/3.2)3 = 8. At the low dextran concentration 
asymptote (i.e. 0), we find vdex is approaching 4.39.  Hence the asymptotes of the 
function employed here are within the bounds of what is known about dextran. 
 
40
 
 
 
 
Figure 4.4 Relative Specific Volume of Dextran. Dextran volume is measured 
relative to the volume of hemoglobin. The volumes are determined by using equation 
2.13 for the scaled particle activity coefficient to reconcile the solubility data as listed 
in Table 4.2. The points are: open circles, 22°C data published previously(Bookchin, 
Balazs et al., 1999), filled circles, 22°C data determined by our approach, filled 
diamonds, 37°C data determined by us. The solid line is the best fit of equation 4.3. 
The dashed line is the best fit of equation 4.4. 
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It is noteworthy that the empirical function of equation 4.3 contains 
asymptotes that are limited but not specified by external data.  Consequently, it is 
possible that a different fitting function might have different asymptotes. For example, 
the data could be fit by another empirical equation: 
2(exp( [ ] / ) )dex ov v v dex c′ ′ ′= + Δ − Δ       (4.4)  
With the parameters 1ov′ = , 2.70v′Δ =  and 8.75c′Δ = g/dl, this equation fit to the 
data excellently, and the asymptote predicted here is 1. The data could be fit by a 
linear equation as well. However, the asymptotic form provides a better fit even when 
the effects of the extra parameter are taken into account. Specifically, the sum of the 
squared deviations divided by the degrees of freedom (number of data points minus 
number of parameters minus number of equations) is 5.3 x 10-3(g/dl)2 for the 
asymptotic fit (equation 4.3), 4.4 x 10-3(g/dl)2 for the asymptotic fit (equation 4.4) and 
7.5 x 10-3 (g/dl)2 for the linear fit.  
 The specific volume variation could be understood as the different degree of 
overlap between dextran molecules. Dextran is not a densely packed molecule, since 
its hydration volume is similar to that of hemoglobin whereas its hydrodynamic 
volume is 8 times that of hemoglobin. If we take the well known filling factor of hard 
spheres of 0.74, and assume the dextran to be hard spheres with 8-Hb volume, the 
solution is completely packed at 12 g/dl. In other words, at concentrations 12 g/dl and 
above, the dextran must overlap. For concentrations from 6 g/dl to 12 g/dl, though 
space filling considerations don’t require overlap, it is evident that some overlap must 
occur by the random encounter of the dextran molecules.  Figure 4.4 illustrates the 
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effect of the overlap has on excluded volumes. As the concentration of dextran rises, 
even though the number of dextran molecules encountered by each hemoglobin 
molecule increase, the dextran molecule will exclude less effective volume to the Hb 
because of the increasing degree of overlap.    
 
Polydispersity of Dextran 
Unlike hemoglobin or any other typical protein, dextran molecules exhibit 
polydispersity in the molecular weight. In this experiment, we are using 70 kD 
Dextran from Sigma without further preparation. Unfortunately, the molecular weight 
distribution info is not available from the manufacturer. However, similar products 
have a distribution width of about 10% of the mean (e.g. Pharmacosmos Dextran 
Standards, Pharmacosmos, Holbaek, Denmark.).  We examined the results of using 
two equal concentrations of dextran at the upper and lower standard deviations, i.e. 63 
kDa and 77 kDa. There was no significant change in spγ  value by using this extreme 
bimodal distribution and thus we conclude that polydispersity does not have a 
significant effect on the approach taken here. 
 
Comparing with Ogston Theory  
To analyze how dextran’s presence influences the trace concentration hemoglobin 
behavior, Ogston (Ogston and Preston, 1979) treats dextran as an assemblage of long 
polymeric rods, of radius a. The rod length does not enter into the formula. 
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Figure 4.5 Schematic of Dextran Overlap. The picture illustrates dextran with a 
hydrodynamic radius of twice that of Hb. Dextran is drawn schematically, and unlike 
Hb, it is not a compact molecule. As concentration increases, the dextrans surrounding 
Hb each exclude less volume because of their overlap.   
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The rods exclude a spherical particle of radius r. If the dextran occupies a 
volume fraction φd: 
φd =Vdex [dex]           (4.5) 
Then the activity coefficient is given by: 
ln γ = (1 + r/a)2 φd          (4.6) 
For this model, Minton has used a = 0.7 nm, while for Hb, r = 3.2 nm (Minton, 2005). 
We can compare the result of this analysis with our scaled particle theory in the limit 
where the concentration of Hb approaches zero, and this is shown in Figure 4.6. 
 As we can see from Figure 4.6, the agreement is very good, validating further 
our variable volume approach.  It is also worth noting that the Ogston approach is 
specifically immune to the issues of overlap of the dextran particles. 
 
Polymerization Temperature of Previously Published Data 
The previously published data at 37° C by Bookchin et al 1999 was not used in 
our volume analysis because this data was obtained by polymerizing at 37°C, but to 
centrifuge it at room temperature. One may question if some of the polymers will 
dissolve during sedimentation, and that the effective temperature may not be 37°C or 
22°C (room temperature of this experiment). 
With the accuracy of our method established here, it is interesting to return to 
this data, which we label 37(-) data for convenience. Figure 4.5 shows a correlation of 
the solubility computed using the volume function of equation 4.3 and measured 
solubility.  
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Figure 4.6 Activity Coefficient γ as a Function of Dextran Concentration. The 
theory of Ogston (Ogston and Preston, 1979) (Eqn 4.5) is the straight line, while the 
scaled particle theory employed here is the dashed undulating curve. Both theories are 
plotted for trace concentrations of Hb situation. Dotted lines show the theoretical 
curve in regions where volume data (Fig 4.1) was not collected, but which depend on 
the empirical function (Eqn 4.3).       
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Figure 4.7 Correlation of Predicted and Measured Solubility. In the left panel, the data 
gelled at 37°C and measured at 22°C is shown as the dark filled triangles, using the 
assumption that the correct temperature is the gelation temperature, 37°C. As can be seen 
the points are not as well correlated as the other data. When the appropriate temperature is 
taken as 25°C, the correlation is shown on the right panel. The faint symbols are the data 
shown in Table 2. Open circles are for 22°C data published previously, filled circles, 22°C 
data determined here, filled diamonds, 37°C data determined here. 
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On the left panel, the 37(-) data was used as if the temperature were 
continuously held at 37°C. As can be seen, this data, while close, doesn’t correlate as 
well as the other points.  If, however, we adjusted the temperature (which adjusts the 
solubility used in eqn.4.1) we found a good correlation for an apparent temperature of 
25°C, as show in the right panel of Figure 4.5. This result suggests that it is important 
for future HbS solubility centrifugation study to polymerize and centrifuge at a single 
temperature. 
 
Application of Our Method 
 With the hemoglobin and dextran volume ratio decided, if we have mutant 
hemoglobin solubility measured with the presence of dextran, we can decide the 
dextran free solubility with the equation 4.1 now. In Table 4.3, we have tabulated the 
calculated dextran free solubility data for all the mutant hemoglobins that have been 
studied by the dextran method to date. This demonstrates the power of our method.  
Based on such dextran-free solubility data, the free energies of association for these 
mutant HbS are calculated and also listed in Table 4.3. The free energies provide 
important information about the mutations’ effects on polymerization.    
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Osmotic Pressure of dextran 
Since the hemoglobin osmotic pressure was very well predicted from the non 
ideality by using the specific volume of hemoglobin (Eaton and Hofrichter, 1990), it 
will be interesting to use the dextran volume decided from our experiment to fit the 
dextran osmotic pressure measurement data.  
As we can see from the Figure 4.8, the theoretical curve and the data start to 
diverge when the concentration was higher than 12g/dl, which is the concentration we 
predict significant dextran overlapping. This probably reflects a weakness of treating 
the dextran as separate particles. 
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Figure 4.8  Dextran Osmotic Pressure as a function of the Dextran Concentration. 
The circles are the measurement results from our collaborator Dr. Robert Bookchin. 
The solid line is from our fitting based on the volume function and scaled particle 
theory.
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The Conclusions 
The major contribution of this work is building the thermodynamics connection 
between the solubility data measured with and without dextran. With our approach, 
the solubility in the absence of dextran could be calculated with the solubility data 
measured in the presence of dextran. It is also shown that how scaled particle theory 
could be used to account for crowding from both hemoglobin and dextran. The 
approach treats dextran as a sphere with a volume that decreases as the concentration 
of dextran increases. The asymptotic volume from our fitting function decreases 
nearly linearly by a factor of two over the dextran concentration range studied, from 6 
to 23 g/dl. This compression is similar to previously observed compression of 
sephadex beads and ficoll solutions (Wenner and Bloomfield, 1999). In the limit of 
low Hb concentrations, the theory reduces to the previously used approach of Ogston. 
Once the dextran free solubility is decided, the free energy of polymerization could be 
calculated from equation 2.5. A table of all known free energies of polymerization of 
sickle hemoglobin measured with presence of dextran is given. 
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Chapter V: HbS Polymer Growth Rate Measurement 
 
Why Study the Growth Rate of HbS Polymer 
With decades of intensive study, many aspects of sickle hemoglobin 
polymerization have been characterized, including the unusual double nucleation 
mechanism. However, as a fundamental part of this mechanism, the individual 
polymer growth rate is still not precisely decided. How does the polymer growth 
speed depend on temperature and environment crowdedness? Will the HbS monomer 
add to the end of the polymer one by one or by group?  Many questions related to the 
polymer growth rate are not answered.  
In addition to these questions, we would also expect to confirm that the critical 
concentration is the solubility, when the HbS polymer growth rate is zero from the 
measurement of polymer growth rate. The recent studies in our lab have shown that 
sickle polymerization in solution stops at concentrations greater than the solubility 
decided from centrifugation experiments (Aprelev, Weng et al., 2007). We think the 
reason of early termination of polymerization is due to the occlusion of growing 
polymer ends in the sample solution. At the same time, this result also put question 
marks on the terminal concentration determined by centrifugation. Which solubility is 
the true parameter for the polymer growth in pathological situation? Has the 
centrifugation process influenced the hemoglobin polymer system? It is known that 
centrifugation method may break polymer into pieces. Therefore a measurement of 
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the solubility of individual HbS polymer will be helpful to answer these important 
questions. 
It has been difficult to precisely decide the growth rate of individual polymer 
because of its below optical resolution size. The diameter of single polymer is only 20 
nm. Therefore, to separate the individual polymer from the polymer domain has been 
a hard job, and it is not possible to observe the growth directly with optical method at 
all. Previously, the polymer growth has been studied by DIC microscopy (Turner, 
Agarwal et al., 2006), in which a diffraction shadow of the growing polymer is 
tracked. However, polymer bundles are indistinguishable from individual polymer. So 
it is an open question that whether the behavior of the observed DIC images reflects 
the behavior of individual fiber or bundled polymer.  
 
Optical Channel method 
Our method of measuring the growth speed of HbS fibers is based on the 
known fact that laser illumination of the thin (around 5µm thick, close to the thickness 
of RBC) COHbS solution sample will release the carbon monoxide ligands from the 
hemes of hemoglobin molecules, create deoxy HbS that can polymerize only in this 
illuminated areas. The laser illuminating patterns has three parts, a large circle (the 
incubation circle, 12µm diameter), a small detection area (2µm diameter), and a 
narrow channel (0.8µm width, around 25µm length) connecting these two regions. 
The experiment was carried out in the following way. At the beginning, only the 
incubation circle was turned on. After a delay period (5-60 minutes depending on 
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different hemoglobin concentration), the dense polymers formed in this region via 
homogeneous and heterogeneous nucleation. Then the channel would be turned on for 
a certain time period. Polymers from the incubation region began to grow along the 
channel. By successively increasing the channel on time period (typically from 5 to 30 
seconds), we could find the a critical time which is just long enough to enable an 
individual polymer to grow into the detection area, then large amount of easily 
observed polymers would form due to the heterogeneous nucleation within a short 
delay period, typical a few seconds. If the channel is not lit long enough, the detection 
region will be unpolymerized until a longer delay period (usually more than 30 
minutes) when it will homogenously nucleate. Thus we could measure the growth 
speed of individual fibers too small to detect with direct optical observations. A 
separate region of similar size as the detection area, but not connected to the 
incubation circle, was also illuminated to act as a control for homogeneous nucleation 
(a “veto” counter). During the experiment process, there should be no polymer appear 
in this region. By measuring the distance travelled and the critical time, the polymer 
grow speed can be determined. This experimental procedure can be used to study 
different sickle hemoglobin samples with various pH values, concentrations, 
temperatures and photolysis level. 
 
Apparatus 
The apparatus was built by Dr. Alexey Aprelev. Sample slides of COHbS were 
prepared by following the procedures described in Chapter 3. The samples are studied 
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in a horizontal microspectrophotometer, as shown in Figure 5.1. A pair of oil 
immersion Objectives (100× , Leica) was used as the condenser and the objective. For 
the absorption measurements, the light from a 150W Xenon arc lamp was passed 
through a Monochromator (Spectrapro2150i, Acton) and was imaged on the back 
aperture of the condenser objective in a Koehler configuration. The photolysis beam 
was provided by an Argon-ion laser (488nm/5W, Spectra physics). Both absorption 
and photolysis data were recorded by the CCD camera (12 bit, Quantix). A width 
adjustable optical slit was drilled with a 2 mm diameter hole, whose image serves as 
the incubation circle. A U shaped mask, connected to a computer controlled 1-D 
position translator, blocks different part of the slit in different stages of the experiment 
as shown in Figure 5.2. Since the slit and the mask were both imaged at the sample 
plane, only the unblocked part of the slit image would be projected to the sample 
plane as we designed. In addition, we had implemented a three channel temperature 
control system for the oil immersion microscope objectives and the stage, as 
described in Appendix II, which allows precise sample temperature control. Two PCs 
had been used in this experiment. One controlled the CCD camera, the mask position 
controller, the shutter as well as the monochromator. The other one served as the three 
channel temperature controller. 
 
The Realization of Laser Photolysis Sequence  
 As we mentioned before, the mask and the slit together served as our physical 
channel. They both were imaged on the sample plane and work in the way the same as  
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Figure 5.1 The Apparatus of Optical Channel Method 
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conventional field diaphragm, except the mask position was adjustable here.  The 
laser goes through the physical channel (the unmasked part of the slit), and then it was 
projected to the sample plane. The laser photolysis sequence was realized by changing 
the position of the mask as shown in Figure 5.2. Corresponding to the three steps of 
the laser photolysis sequence, the mask was shifted by a step motor controlled by 
computer program in the following way: 
Step 1, only the hole was not masked as shown in figure 5.2 (a). The laser 
image of this hole served as the incubation circle. With the dense polymers filling up 
the incubation circle after a delay period, the transmitted light intensity dropped down, 
which triggers the step motor taking the mask to the step 2 position. 
Step 2, both the hole and the silt were not masked as shown in figure 5.2 (b). 
The laser image of the slit served as the “Light Channel” here. After the “channel on” 
time we specified, the mask was moved to the step 3 position. 
Step 3, only the very end of the silt was not masked as shown in figure 5.2 (c), 
and the image of this part of the slit served as the detection region. After about 5 
minutes waiting, the mask was shifted back to block the whole slit for about 30 
seconds to allow all polymers to melt in the sample. We then restarted with step 1 
postion. 
Each measurement was done in the loop of above three steps with the 
increasing “channel on” time to find the critical time that was just enough for an 
individual polymer to grow into the detection area. 
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Figure 5.2 The Physical Channel. The mask and the slit positions at different stage 
of experiment are shown here. The small hole is our veto counter for fast homogenous 
sample. 
 
(a) 
(b) 
(c) 
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A Typical Measurement 
The transmitted light intensities of the detection area of a typical experiment were 
shown in figure 5.3(a). The last second detection signal intensities in Figure 5.3(a) 
versus the corresponding “channel on” time was drawn in Figure 5.3(b). If the 
channel on time was long enough to let polymer grow into the detection area, the 
transmitted light intensity of the detection area would drop significantly (i.e., OD 
increases), because the polymerization process will consume a lot of monomers and 
monomers diffuse into the channel to replace the ones used in polymers. From Figure 
5.3, it is clear to see that there was a transition from no polymer arrival to and 
polymer entry into the detection area. The time when this transition happened, or the 
time just enough to let the first individual fiber to grow into the detection area, is the 
critical time here. The channel length in the unit of pixel was converted to the unit of 
micro meter by a calibration factor of 72µm /512pixel. The polymer growth speed 
was calculated by the channel length divided by the critical time in the unit of µm per 
second. 
 
Control Experiments 
Laser power was increased to just enough to get the photolysis level we needed 
by monitoring the spectra of the sample on the center of the channel from end to end 
right after the laser was turned on. It is established that the laser heating of sample 
should be less than 1 degree in such situation (Ferrone, Hofrichter et al., 1985).  
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Figure 5.3 (a) The Detection Signals of a Typical Measurement. The transmitted 
light intensity at the detection region versus the experiment time in a typical 
experiment. The dips of the signal are due to photolysis. If the laser is turned on at 
this area, deoxy HbS absorb a little more than the HbSCO on the transmitted light 
wavelength (425 nm). The detection signals with no polymer reaching the detection 
area are in blue. The detection signals with polymer reaching the detection area are in 
red. 
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Figure 5.3 (b) The detection signal intensities Transition. The detection light 
intensity at the last moment of each loop versus the corresponding “channel on” time. 
The existence of a critical time is clearly shown in this picture when the transition 
happens from there is no polymer reached the detection area to there is polymer 
reached the detection area. 
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Two experiments carried on the same sample slide, under the same temperature, 
with the optical channel width 0.8 µm, and 1.6 µm, yielded the polymer growth 
speeds 1.17 ± 0.10µm and, 1.18 ± 0.11µm. The difference is less than 2%. Two 
other experiments with different channel length (31µm and 19µm) yielded 1.17 ± 
0.07µm and 1.18 ± 0.11µm. Again, the difference is small. Experiments with 
increasing or decreasing the “channel on” time produced the same critical time. A 
typical sample life was around 24 hours. The measurements on fresh samples (less 
than 12 hour old) produced repeatable results on the same sample spot (no memory 
effect) and different sample spot (with thickness change from 4.4µm to 5.6µm). 
Growth speeds measured with around 48 hours old samples are around 10% faster 
than the fresh sample data. Our hypothesis about this is that the oxygen leaking into 
the samples reacted with the sodium dithionite, causing the pH change, which affects 
the polymers grow speed. The sample spectra are checked each time before and after 
experiment to ensure no unwanted HbS derivatives (such as Met Hb).  
 
HbS Polymer Growth Speed Data Analysis 
HbS polymer growth speed data were collected at samples of concentrations 
from 3.76 to 4.17 mM and experiment temperature ranging from 16.3oC to 29.3oC as 
listed in Table 5.1. HbS Polymer growth speed is denoted by )(Tj  here. The growth 
speed data were normalized to T0 (25oC) by applying the following equation to the 
data: 
 )()()( 00 TTTjTj −+= β       (5.1) 
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With the constant β =0.08 in the above equation, the data converged to a straight line 
as shown in figure 5.4. Since the polymer would grow 0.46 nm for each monomer 
attachment (Zhou and Ferrone, 1990), the growth rate J  was calculated from growth 
speed: 
Jnmj ×= 46.0         (5.2) 
Polymer growth rate data from pure HbS, pH = pH 7.35 [7.01] are plotted and fitted 
with the growth rate equation (5.3) in Figure 5.4: 
  −Δ+ −= kckJ γ         (5.3) 
Where γ  was activity coefficient, defined by equation (2.3), which was a function of 
the total hemoglobin concentration 0c . The concentration capable going into the 
polymer Δc = 0c  for the full photolysis experiments with pure HbS samples.  
As we can see from Figure 5.4, the fitting of the growth rate data is linear 
with Δcγ . This fact shows that the growing is not under control of the heterogeneous 
nucleation. In other words, the monomers are adding to the end of the polymer one by 
one, not as oligomers. Additionally, this result shows γ  function worked very well to 
describe the crowding effect in this system.  
By definition, solubility sc  was the concentration, in which polymerization and 
de-polymerization are in equilibrium. That means when 0c = sc , J should be zero. 
This fact was confirmed by our results too. The fitting line of J data intercepts on Δcγ  
axis at 9.5mM (close to the Δcγ  decided from solubility measured by centrifugation, 
10.4mM) (Ross, Hofrichter et al., 1977) as shown in Figure 5.4. 
The HbS and HbA mixture (50%/50%), pH 7.35 [7.01] sample was studied in the 
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same way as the pure HbS samples. Since HbS tetramer and HbA tetramer will both 
dimerize and recombine randomly, there will be three species in the solution. They are 
HbA, HbS and HbAS. The percentages of these three species follow the binominal 
distribution (Eaton and Hofrichter, 1990). Specifically for our sample, the HbA 
tetramer percentage will be 25%, the HbS tetramer percentage will be 25% and the 
HbAS tetramer percentage will be 50% of the total concentration. Since the HbA 
tetramers do not join the polymer, and we know the chance for HbAS tetramer going 
into polymer is 35.7% (Roufberg and Ferrone, 2000). For this mixture sample, the 
concentration goes into the polymer, Δc  will be: 
Δc  = (0*25% + 0.357*50% +1*25%)* 0c = 43%* 0c    (5.4) 
By using this Δc , the HbA/HbS data fits perfectly in line with the pure HbS data as 
shown in Figure 5.4.  
For the partial photolysis studies, the percentage of hemes bound with the 
carbon monoxide was determined by fitting the spectra to the known standard 
coefficients as shown in Figure 3.1. With the distribution of carbon monoxide on the 
hemes was already known (Hofrichter, 1979), the Δc  was calculated by assuming 
only the all four hemes unliganded hemoglobin molecules were going into the 
polymer. With such calculated Δc , the partial photolysis data fits on the same line 
perfectly. These results show that both the HbA/HbS mixture sample and partial 
photolysis sample polymerized as we predicted. 
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Figure 5.4 Fitting of pH = pH 7.35 [7.01] Growth Rate Data J  as a function of 
hemoglobin activity ( ) Δcc0γ . Half circle is partial photolysis data. Empty circles are 
full photolysis data. Square is solubility point, crossed circle is HbA/HbS mixture data. 
Open circles are growth rate data obtained from pure HbS samples. Half filled circle 
is the data obtained from partial photolysis study. The error bars on Δcγ  axis are too 
small to show here, same is the J  error bar on the mixture data point. The J  error 
bars on the open circles are calculated from the critical time plus or minus one second, 
since that is the maximum error we can get from this measurement. On average, it is 
around 6%. The solubility data point is not included in the fitting. 
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Table 5.1 Polymer Growth Speed Data (Sample pH is pH 7.35 [7.01]). 
T (oC) co (g/dl) t (sec) L (µm) υ (µm/sec) j (µm/sec) 
16.3 26.0 22 14.85 0.68 1.38 
17.8 26.0 20 16.34 0.82 1.40 
20.1 25.4 27 21.29 0.79 1.18 
20.8 25.4 28 23.86 0.85 1.19 
22.1 25.4 22 21.38 0.97 1.21 
22.2 26.9 19 26.58 1.40 1.62 
23.4 25.4 21 22.08 1.05 1.18 
24.3 25.5 21 24.89 1.19 1.24 
24.7 25.5 20 24.89 1.24 1.27 
25.5 25.5* 41 18.01 0.44 0.40 
27.0 26.1† 38 22.50 0.59 0.43 
28.3 24.2 22 25.88 1.18 0.91 
29.0 25.2 17 24.47 1.44 1.12 
29.3 24.7 21 27.70 1.32 0.97 
 
T is experiment temperature. co is hemoglobin concentration. t is the critical time for 
the corresponding experiment. L is the channel length. υ is the polymer growth speed 
before temperature correction. j is the polymer growth speed after temperature 
correction. 
*Partial photolysis data, with Δc = 25.5*49% = 12.5 g/dl. 
†HbAS data Δc = 26.1*43% = 11.5 g/dl.
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The Monomer On-rate and Off-rate 
At certain temperature (such as 25oC), how many monomers are attaching to the 
end of polymer, and how many monomers are detaching from the same place? 
These interesting questions could be answer from the fitting results of Figure 5.4 
too. The monomer on rate +k  was determined from the slope to be 84±2 mM-1S-1, 
and the monomer off rate −k  was determined from the intercept to be 793±79 
molecules per second. From early DIC observations, −k  was determined to be 1700 
molecules per second for two end melting polymer (Agarwal, Wang et al., 2002), that 
was 850 molecules per second, which is close to our −k . 
  To obtain these two important parameters for different temperatures, polymer 
growth speed data listed in Table 5.1 together with the corresponding temperature 
solubility were fitted with equation 5.3. The fitting results ln k+ and ln k− are plotted in 
Figure 5.5 and Figure 5.6. 
If the monomer on-rate is under control of an energy barrier defined by: 
G H T S+ + +Δ = Δ − Δ            (5.5) 
then we would like to expect that: 
  * *exp( ) exp( )exp( )G Hk k k S
RT RT
+ +
+ +
Δ Δ= − = − Δ    (5.6) 
k* is a unknown factor, which we will discuss later. If we take natural log of equation 
5.6, we will have a linear equation about ln k+  as the following:  
1 *ln ln ln( )H Sk T k
R R
−+ +
+
Δ Δ= − + +       (5.7) 
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Figure 5.5 The lnk+ at Different Temperature. The data was fitted with a linear 
equation: lnk+=αT-1+β, where α=4601.6±283.4, β=19.9. The k+ data were decided by 
fitting growth speed data listed in Table 5.1 with the corresponding solubility from 
Figure 2.2 by equation 5.3. The concentrations of these experiments were listed in 
Table 5.1. 
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Figure 5.6 ln k− at different temperature. Unlike ln k+ , ln k−  doesn’t change much 
with temperature. The average of our ln k− data is 6.92. 
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From the slope of the fitting line in Figure 5.5, we can decide the ΔH+:  
 38.3 2.4 / 9.14 0.56 /H R kJ mol kcal molα+Δ = − = ± = ±     (5.8) 
Similar with ln k+ , if we define the energy barrier for the monomer to 
disassociate from the end of the polymer as:  
G H T S− − −Δ = Δ − Δ              (5.9) 
Since our ln k− doesn’t change with T, the enthalpy part of equation 5.9 must be zero: 
 * *exp( ) exp( )G Sk k k
RT R
− −
−
Δ Δ= − =         (5.10) 
In other words, detaching from the end of the polymer is controlled just by entropy.  
 
Is Polymerization Diffusion Controlled? 
Please note the common factor k* in both equation 5.6 and equation 5.10. It is the 
same for both the adding on and disassociating processes, because the chance to move 
forward or backward from the top of the enthalpy barrier is the same. The reason we 
introduce an unknown factor here is, there maybe other limiting factors in the HbS 
polymerization process except those introduced by G+Δ . One hypothesis of the HbS 
polymerization is that the reaction is diffusion limited. In such case, the origin of the 
enthalpy barrier is from the k* temperature dependence. A previous computational 
estimation of k* is given based on the diffusion coefficient by (Kenneth S. Schmitz, 
1971): 
 * 22 (2 )
1000 1000 3
A A B
H
N N k Tk R Dσ π σ η= =       (5.11) 
where σ  is a factor estimated from the size ratio of the Valine and the hemoglobin 
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Figure 5.7 The k* estimation. The k* prediction values are fitted 
with * 1ln ' 'k Tα β−= + , with 'α =2333.1 and 'β = 13.0. 
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molecule (≈1/10), NA is the Avogadro number. η  is the water viscosity. kB is the 
boltzmann constant. RH is the molecule (Hb) radius. The diffusion coefficient D is 
defined by Einstein as:  
  6B HD k T Rπη=           (5.12) 
As we can see from Figure 5.7, the estimated lnk* vs T is very close to linear with 
the slope close to the half of the slope of lnk+ vs T ( ' 0.5α α≈ ). This implies that the 
activation energy from diffusion process is around half of the total activation energy 
of the monomer adding on process. However, from this fact, we can not infer that this 
reaction is diffusion controlled. It could be just coincidence. 
To test further that if the polymer growth is controlled by diffusion, Figure 5.4 
was redrawn by introducing the diffusion factor D/Do. Where D is the diffusion 
coefficient for the concentration interested, and Do is the diffusion coefficient for 
infinite dilution of hemoglobin. D/Do information was extracted from (Gros, 1978). 
As shown from Figure 5.8, if we assume the reaction is under the control of diffusion, 
the fitting is not as good as shown in Figure 5.4. This is because D/Do strongly 
depends on hemoglobin concentration. Though the concentration range of our study is 
small (3.76 to 4.17 mM), we do see data points are off the linear fit. This implies that 
this reaction is not diffusion controlled. 
One may question the origin of the physics of the enthalpy barrier, if it is not 
from diffusion. This is still under investigation. Possible process could be stripping 
off the water molecules from the hydrophobic sites. This will be a good starting point 
of future studies.
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Figure 5.8 Growth Rates “corrected” with diffusion. The symbols are the same as the 
Figure 5.4. The fitting is not as good as Figure 5.4. This implies that the 
polymerization is not under control of diffusion. 
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HbS Polymer Growth Speed Data Analysis (pH 6.85 [6.71] data) 
The pH 6.85 [6.71] samples were studied in the same way as pH 7.35 [7.01] 
samples. The data collected are listed in the Table 5.2. Since the available pH 6.85 
solubility data were in different solution condition and different temperature(Eaton 
and Hofrichter, 1990; Poillon and Kim, 1990) , we couldn’t do k+ and k- analysis as 
precise as the pH 7.35 [7.01] data.  
The pH 6.85 [6.71] data were fitted to the growth equation 5.3, as shown in the 
Figure 5.9. The pH 6.71 solubility in our solution condition is estimated with the 
assumption that the ratio (0.94) of the solubility pH 7.01 and pH6.71 in previous work 
(Poillon and Kim, 1990) is the same as the solubility ratio of our work, and this 
estimated value is used in the fitting. As we can see from the Figure 5.7, the fitting 
was reasonable. 
As we discovered in pH 7.35[7.01] data, the ln k− was not changing with 
temperature. It is very interesting to point out that the estimated lnk- of our pH 6.85 
[6.71] data is 6.5 (decided from the fitting of Figure 5.9), which is less than the 
average (6.9) of our pH 7.35[7.01] lnk-. The lnk+ was estimated to be 6.3 which is less 
than the lnk+ (=6.4) decided from the pH 7.35[7.01] data too. So it seems the on rates 
and off rates are pH related. We consider this fact as another prove that the 
polymerization process is not controlled by diffusion, since diffusion process is not 
pH dependant. This will be a topic worth future investigations.  
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Figure 5.9 Fitting of pH = 6.85 [6.71] Growth Rate Data. Symbols used here are the 
same as Figure 5.4. The solubility data point is included in the fitting. Data are 
normalized to (T= 25oC) in the same way as pH 7.35[7.01] data. 
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Table 5.2 Polymer Growth Data (Sample pH is 6.85 [6.71]) 
T (oC) co (g/dl) t (sec) L (µm) υ (µm/sec) j (µm/sec) 
24.2 25.6* 27 24.47 0.91 0.97 
24.2 25.6* 28 24.47 0.87 0.94 
24.5 26.2 24 31.08 1.29 1.34 
24.6 25.6 20 22.08 1.10 1.14 
24.9 25.6 19 22.08 1.16 1.17 
26.3 24.6 21 23.63 1.13 1.02 
26.4 24.2 30 30.38 1.01 0.90 
26.5 26.2† 45 33.47 0.74 0.62 
28.0 24.3 20 23.63 1.18 0.94 
28.0 24.3 20 23.63 1.18 0.94 
28.2 25.8 14 19.97 1.43 1.17 
28.3 25.8 13 18.84 1.45 1.18 
28.9 25.8 21 31.22 1.49 1.17 
 
Headers of the columns are defined the same as table 5.1. 
*Two partial photolysis data, with Δc = 25.6*85% = 21.8 g/dl. 
†Another partial photolysis data with Δc = 26.2*57% = 14.9 g/dl. 
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Bundled Polymer Growth Speed Measurement 
When the bundled polymers were growing through the optical channel, the 
light intensity would drop where the bundled polymer presented. By observing the 
propagation of the position where the transmitted light intensity dropped, we could 
obtain the speed of bundled polymer growth speed. For a typical measurement, the 
intensities are stacked together as shown in Figure 5.8. The X axis is the position 
along the channel, in the unit of µm. The Y axis is light intensity in arbitrary unit. 
Each intensity curve is fitted with a hyperbolic tangent function: 
0 1 2tanh( ( ))y y x xβ β ′= + −         (5.13) 
Where y is the light intensity, y0 is could be understand as the background intensity, 
1β  and 2β are shape parameters of the intensity curve. x is the position along the 
optical channel. x′  is the symmetry point of the fitting equation 5.9, which is taken 
as the position of the growing end of the bundled polymers. As shown in Figure 5.8, 
the fitting is reasonable, and if we use the position information x′ s from this graph 
together with the experimental time information, the bundled polymer speed could be 
decided. 
The ratios of the bundled polymer and the corresponding individual polymer are 
plotted in figure 5.9. On average the dense polymers propagate with a speed is 59% of 
the individual polymer.  
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Figure 5.10 The Bundled Polymer Growth Speed Determination for a typical 
experiment. The X axis is the position along the channel, in the unit of µm.  The Y 
axis is light intensity in arbitrary unit. The zig zag curves are the light intensities 
along the channel at different experimental time. The black dots are the symmetry 
points of the fitting lines, which is treated as the bundle polymer end locations. The 
data shown here was obtained from an experiment with concentration 25.5g/dl under 
temperature 24.3 oC.  
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Figure 5.11 The Speed Ratio of Bundled Polymer and Individual Polymer. The speed 
ratios are calculated by the bundled polymer growth speed divided by the 
corresponding individual polymer growth speed. The line shows the average of the 
data, which is 0.59±0.18. 
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The average speed ratio of bundled Polymer and individual polymer is 0.59 could 
be explained as the following.  
Suppose the polymers grow in all directions randomly as shown in figure 5.10, 
we predict that the average growth speed of dense polymers will be the addition of all 
the growth speed projections on the channel direction from the polymers elongating in 
different angles from 0 to
2
π ,  
00
2
0
0 63.0
2cos vvdv ==∫ πθθ
π
         (5.14) 
0v  is individual polymer growth speed here. This result is close to the average of data 
shown in Figure 5.10, which is (0.59±0.18) 0v . 
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Figure 5.12 The Average Bundled Polymer Growth Speed Prediction. 
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Conclusions 
We have developed an approach capable of measuring the growth speed of 
individual HbS polymer only 20 nm in diameter and well below the optical resolution. 
Earlier DIC microscopy study got similar monomer off rate results with our approach, 
however, individual polymer and bundled polymers can not be differentiated by this 
approach. 
The linearity of J as a function of  γcΔ shows that the growth rates do not 
depend on heterogeneous nucleation. In addition, the monomers are adding to the end 
of the polymer one by one, not as oligomer. By using the concentration going into the 
polymer, we can fit all data (including the HbAS and partial photolysis data) to the 
same linear equation 5.3. This suggests that different samples are polymerizing in the 
same way as we predicted.  
Both the monomer adding rate and disassociation rate at different temperatures 
were determined, the numbers agree with previous DIC measurement. The enthalpy 
barrier was also decided from the temperature dependence of the monomer addition 
rate. It is also shown that diffusion is not the control factor of such monomer addition 
process. The average growth rate of the bundled polymers was consistent with our 
simple prediction. Its variation is likely to be the result of different densities of the 
emergent fibers that fill the channel.  
It worth noting that the solubility data deduced from the polymer growth 
experiment agree with previously published centrifugation solubility data, and this is 
also true for the dextran reservoir solubility experiment. 
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Appendix I: The Preparation of Sickle Hemoglobin Solution 
by Chromatography 
 
The chromatography method of preparation of sickle hemoglobin from blood was 
adopted from earlier works (Huisman, 1965; Williams, 1973). The standard 
procedures in our lab were first developed by Anthony J. Martino and Dr. Frank 
Ferrrone in 1982. Recently, by repeating the procedures to prepare the HbS solution, 
we (Yihua Wang, Donna Yosmanovich and Zenghui Liu) were able to make some 
improvements. Since these procedures and improvements are not published, and they 
are essential to produce HbS solution, we decided to record them and attach this 
document to each of our theses as appendix for future reference.  
 The appendix I is arranged in the following order. Part I: a detailed list of 
equipment used in the procedure. Part II: the preparation of the concentrators. Part III: 
the preparation of the buffers. Part VI: washing of the red blood cells. Part V: lysing 
the blood cell. Part VI, Ion Exchange chromatography. Part VII, buffer exchange. 
 Let us first go over the safety requirements of this experiment. To protect the 
person who is operating with human blood sample, it is always required to wear 
gloves and goggles, and a mask is recommended. Nitrile gloves are recommended 
over vinyl or latex due to its extra durability, resistance to chemicals, tears and 
superior protection of transmittance of a human virus through the glove. All surfaces 
and objects that were in contact with human blood or blood by-products must be 
sprayed with a 1:10 bleach solution. Wait a minimum of one minute for potential 
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pathogens to be killed before wiping the surface with a disposable paper towel. 
I. Equipment used in this experiment 
All containers and equipment that will contact the hemoglobin were soaked in 
double distilled water for two hours, washed and then rinsed at least three times with 
twice distilled water. 
A. Column (approximately 21 inches long & 1 inch diameter) made out of 
plastic, with cap and attachable spigot. 
B. Three large glass jars (3 Liter or 1 gallon size) to store buffer solutions.  
C. Two 3.5L beakers for buffer preparation.  
D. Three flasks with a long neck (500 ml) for the collection of eluted 
hemoglobin from the column.  
E. Plastic dialysis tubing and the tube clamps.  
F. Dialysis bag holder, such as bendable wires.  
G. pH meter (Denver Instrument Basic model), calibrated carefully with the 
standard solutions of known pH values.  
H. Pump and Scoop with extended handle 
 
II. Preparation of the Concentrators: 
The centrifuge concentrator filters used are the Corning 20ml max volume and 
6ml max volume with pore size 10,000 MWCO.  These are used for concentrating 
the eluted dilute hemoglobin solution.  The 20ml concentrator is used initially with 
solution volumes of about 15ml until the hemoglobin is concentrated enough to then 
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utilize the 6ml concentrator.  This is done to prevent the loss of concentrated 
hemoglobin in the larger filter. Prior to use, the concentrators must be washed 
(washed means spinning them in the centrifuge) with:  
A. 70% ethanol solution 3x’s at 4,500 RPM for 20 minutes 
B. With double distilled water 4x’s at 3,000 RPM for 15 minutes 
C. Then finally washed with 8.35 0.05 M Tris buffer 3x’s at 3,000 RPM for 15 
minutes 
 
III. Buffer Preparation: 
It is important to have all the buffers ready before we start the experiment. For 
processing 50ml of blood the following amount of buffers are necessary:  
1) 0.9% NaCl (MW = 58.4428 g) saline solution. This solution is used to wash the 
blood 3x’s (washing details are in the next section). 18 grams of NaCl powder is 
placed into double distilled H2O, and mixed extensively for 30 minutes.  The 
final solution volume is carefully adjusted to 2000ml. This saline solution can be 
stored in a 3L glass jar in a fridge. 
2) 15% NaCl (MW = 58.4428 g) solution. This solution is used to aggregate the red 
blood cell membranes after lysing the cells. 15 gram NaCl powder is placed into 
double distilled H2O, and mixed extensively before the final volume is carefully 
adjusted to 100ml.  
3) 0.05M Tris (MW =121.14g) buffer. 6.057 grams of Tris Salt powder is needed to 
make 1L of 0.05M buffer. The pH value must be adjusted in room temperature. 
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Three different pH values are needed for the Tris buffer. 1N HCL is need for the 
titration of the TRIS buffer (i.e. the HCL is an acid used to adjust the pH value). 
i. pH 8.5, final volume needed is 30L. This solution is used to wash the DE52 
cellulose, to equilibrate the cellulose column and to dialysis the Hemoglobin 
NaCl solution. 
ii. pH 8.0, final volume of 300 ml. This solution is mixed with the hemoglobin 
NaCl solution, and the mixture solution is then dialyzed in the Tris PH 8.5 
buffer. 
iii. pH 8.35, final volume of 3 L. This solution is pumped into the column to 
separate the HbS band and HbA band after the Hemoglobin solution is 
poured into the column. 
4) 0.15M, pH 7.35, Sodium Phosphate buffer, final volume needed is 3 L. After the 
HbS and HbA bands separate from each other, the cellulose with the top HbA 
band is scooped out, then the phosphate buffer is poured into the column to flush 
out the HbS band quickly.  
To make pH 7.35 Phosphate buffer, we need to make the following two solutions 
first. 
i. Monopotassium phosphate, KH2PO4, MW=136.09 g, the solution pH is 
around 4.3. 20.41 gram powder was added to 1L double distilled water. 
ii. Dipotassium phosphate, K2HPO4, MW= 174.18 g, the solution pH is around 
8.5. 52.254 gram powder was added to 2L double distilled water. 
Continuously add the mono basic solution slowly to the dibasic solution, while 
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monitoring the mixture’s pH value.  Stop adding mono basic when the pH value 
is 7.35. 
5) 10-4M EDTA solution, 1L, MW =336.2 g. This solution will be used to wash the 
dialysis tubing. 0.03362 gram EDTA powder was needed to make 1L 10-4M EDTA 
solution. All buffer solutions are stored in a fridge for later use. 
 
IV. Washing human Blood: 
Sickle Blood is obtained as discarded blood from the Childrens Hospital of 
Pennsylvania (CHOP). The blood is kept on ice in a foam box during transportation 
from the hospital to the lab. 
1) 50ml blood solution is washed with about 200 ml total of 0.9% NaCl saline 
solution. The solution is mixed together with a 2ml pipette. 
2) This is centrifuged for 30 minutes at 500 RPM in a 50ml volume concentrator (not 
filled all the way). After 15 minutes, the solution separates into two parts, the 
liquid part on the top and the dense red part on the bottom. 
3)  The liquid part is removed carefully with a 2ml pipette (Eppendorf). Then more 
0.9% NaCl solution was put into the concentrator and mixed with the cells and 
centrifuged again. 
4)  This procedure was repeated for three times, until the top part is transparent. For 
50ml blood, there was about 34 ml volume of washed blood cells. 
 
V. Lysing of the red blood cells: 
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A. Breaking the membranes: 
1) Transfer solution from above procedure into cryogenic storage vials (they 
can handle the extremely low temperature). 
2) The packed red blood cells were quickly frozen by dipping a cryogenic 
vial (4.5 ml, Fisher) into a liquid nitrogen container for 15 seconds. After 
being thawed in the fridge, the cells were flash frozen a second time. The 
cold shock is strong enough to break down the cell membranes.  
3) This procedure was repeated for a total of four dips to ensure the complete 
lysing of the red blood cell membranes. 
B. Separation of membranes and hemoglobin: The hemoglobin and membrane 
mixture solution from previous step is mixed with 15% NaCl cold solution 
(about 4 degrees Celsius) to make a final NaCl concentration of 2%. This 
mixture solution is then centrifuged at 14000 RPM (Rotor JA25.50) for 1 hour.  
This separates the cell membranes from the hemoglobin solution. After 
centrifugation, the top 2/3’s part is the precipitated hemoglobin solution, and 
this part is carefully transferred to another container with a 2ml pipette to 
await dialysis. 
C. Dialysis of the hemoglobin solution: Prior to dialysis the hemoglobin solution 
is mixed with 0.05M Tris, pH=8.0 buffer.  It is then placed into sterilized 
dialysis tubing and dialyzed against 0.05M tris, pH= 8.45 on a magnetic stirrer 
in a refrigerator for 36-48 hours (buffer is changed every 12 hours). Note the 
pH 8.45 buffer volume is ~50 times the hemoglobin solution volume. The 
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dialysis bags used hold molecules with size larger than 60,000 Daltons and 
diffuse out smaller molecules with lower molecular weights through osmotic 
forces. 
 
VI.  Ion Exchange chromatography 
HbA, HbS and HbF were separated and purified by going through a 
DEAE-Cellose (DE52, Whatman, Inc.) column.  
The cellulose resin was mixed with 0.05M Tris, PH 8.5 buffer and stirred 
continually for 20 minutes, and then it was allowed to settle for about 30 minutes. The 
supernatant liquid was taken off and this procedure was repeated for a total of six 
times for a clean wash.  
The plastic tube column is mounted vertically to ensure the hemoglobin solution 
bands will go through without lateral deformation. After stirring the cellulose quickly 
to loosen it up (make sure it is moist enough to flow), it is poured quickly in one pour 
down the glass rod into the column.  It is important to fill it to top of the column 
while pouring because it will settle to a lower height. As shown in Figure A1.1. 
The cellulose is kept under a flow of 0.05M pH 8.5 Tris buffer till the output is pH 
8.5 as well, and then the column is considered equilibrated. This takes about 12 hours. 
  
Figure A1.1 Column poured with cellulose: Notice the plastic 
tubing connected to an pump; the buffer container covered in 
parafilm on the left (which is the clean buffer reservoir); and 
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the container under the spigot of the column used to collect buffer flowing out. 
After equilibration, the hemoglobin solution is slowly and carefully put into the 
column with a 50ml syringe without disturbing the top surface of the cellulose. Upon 
completion of adding the hemoglobin, the next step waits for when the Hb has mostly 
entered the top of the cellulose (but before the cellulose can be in any danger of 
drying), pH 8.35 buffer is then pumped into the column. We continue to pump in this 
buffer for the rest of the procedure to enable the separation of different hemoglobin 
species. This is shown in the Figure A1.2. 
 
 
 
 
 
 
 
 
 
Figure A1.2  Hb solution starting to enter the cellulose. 
  
 After ~8 hours, the hemoglobin solutions start to separate into three bands, HbF, 
HbS and HbA (from the bottom to the top). To get the HbS band out quickly, after the 
HbF has eluted from the column, we scoop out the top band (HbA) and dispose of this.  
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Then the HbS band can be eluted out quickly using the 0.15M phosphate buffer.  
 
 
 
 
 
 
 
 
 
 
Figure A1.3: The separation of Hemoglobins. HbF is dark bottom band, HbS is 
second, HbA and HbA2 sits in the top portion. 
 
The HbS Tris solution is centrifuged (5500g, 1 hour) to ~4g/dl with previously 
washed concentrator filters. The HbS Tris solution is stored in liquid nitrogen for 
future usage in a PD-10 ion exchanger. 
 
VII.  The Hemoglobin buffer exchanging procedures 
To exchange the hemoglobin solution from Tris buffer to Phosphate buffer, we 
will have the hemoglobin solution go through a column (Amersham PD-10, 9ml 
column of Sephadex G-25). The elution collected was hemoglobin molecules in the 
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Phosphate buffer. A masterflex pump system including the tube, the pump head (i.e. 
the cartridge) and the pump controller (Model No. 7553-60) was setup to deliver the 
Phosphate buffer to the top of the column with precise flow speed control. Here are 
the detailed procedures. 
1) Washing the pump tube with water. 250 ml double distilled water was 
pumped through to wash the inside of the tube. 
2) Washing the pump tube with Phosphate buffer. Another 100 ml Phosphate 
buffer was pumped through to rinse the inside rubber tube. 
3) Setting up the PD-10 column. PD-10 column was mounted on the bench 
vertically. After the cap of the column was taken off, and the bottom of the 
column was cut open, Phosphate buffer was pumped into the column. The 
flow speed was set around 3.5/10 position, so that the water level was kept 1 
cm on top of the column surface.  
4) After about 25ml Phosphate buffer was flushed through the column, the 
pump controller was turned off. At the moment the water level drop to the 
top surface of the column, around 300ul Tris HbS solution wad delivered 
onto the column. When the hemoglobin solution completely enters the gel, 
the pump controller was turn on with full speed (10/10). Once there were 
around 2.5 ml buffer accumulated at the top of the column, the pump 
controller was adjusted back to 3.5/10 position. 
5) When the hemoglobin solution elute out of the column, collect it with 
previously washed centrifuge filters (The procedures to wash the filters are 
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described in step II). 
6) After another 25 ml Phosphate buffer was pumped through the column, we 
repeat step 4)  and 5) until all hemoglobin are processed. 
6) Repeat procedure 2), and then procedure 1), so as to leave no salt in the 
pump tube. 
7) We centrifuged (Beckman coulter, Avanti J-25) the hemoglobin solution to 
the desired concentration, and then store it in liquid nitrogen for future 
experiment usage. 
It is about 12 hours work to exchange 2 ml Hemoglobin solution from Tris buffer to 
Phosphate buffer. 
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Appendix II The Temperature Control System 
 
Since the microscope oil is thermo conductor, and it was applied between the 100×
objectives and the sample slides in the polymer growth speed measurement 
experiment, this makes the temperature control of the sample slides a challenging job. 
Dr. Alexey Aprelev has developed system to control both objectives and the sample 
stage separately. One channel diagram of this system is shown in Figure A2.1. The 
temperature sensor AD590 yield a voltage signal, which is linearly depended on the 
temperature range 273K to 373K. The voltage signal is measured by the ADC channel 
of National instrument USB 6008. A standard PID labview program is used on the PC 
to control the feedback signal based on the AD590 output voltage. The feedback 
signal is sent out from the USB 6008 DAC channel to the TEC driver, which is a 
pulse width controller functioning based on the control voltage. Both the TEC and the 
AD590 are attached to the same temperature control subject. The TEC working heat is 
removed by running water on the back side of the TEC units. 
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Figure A2.1  The diagram of temperature controller. Only one channel is shown 
here. All three channels used the same design shown here.  
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